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Introduction: 

The death of women with breast carcinoma mainly results from metastasis. Metastatic breast cancer cells must 
escape from a primary tumor and migrate through anatomical barriers in order to gain access to the blood or 
lymphatic system and establish at a new site in the Ixxfy. Cellular motilily and degradation of extracellular 
matrix (ECM) are two of the major events in breast cancer metastasis and can be promoted by stromal-derived, 
ECM-degrading protease systems, such as &e urokinase type plasminogen activator (uPA) system and by 
motilily factors, such as hepatocyte growfli factor (HGF)/scatter factor (SF). In order to understand how breast 
cancer cells regulate both stromal-derived, ECM degradation and cellular motility for metastasis, we have 
discovered and characterized in human breast cancer a new epithelial-derived, type 2 integral membrane, serine 
protease, matriptase, and its cognate inhibitor, a Kunitz-type serine protease (KSPI), a type 1 integral membrane 
protein which was initially identified as an inhibitor of hepatocyte growth fector activator and named as HAI-1 
(1-3). Both matriptase and HAI-1 have been implicated in the regulation of ECM-degrad ation of cellular 
motility (4). In the current research plan, we proposed to study the anti-tumor and anti-protease activity of this 
membrane-bound Kunitz inhibitor. 

Body: 
Ehiring the August 01-July 02 period we had addressed Aim 1 and a 
portion of Aim 2 of the original proposal: 
Year 1: In the first year, we will cany out the experiments 
regarding anti-tumor activity of KSPI (also known as HAI-1) (Aim 
1). These include transfection of KSPI into al8 and MDA MB-435 
breast cancer cells, selection of stable clones, evaluation of both 
transfectants in terms of their in vitro growth and invasion and their 
in vivo metastatic potential. We will also begin to generate KSPI 
mutants by site-directed mutagenesis (Aim 2) 
Generation of stable HAI-1 expressing MDA MB-435 cell lines. 
As the first step toward approach Aiml, we have first transfected 
MDA MB 435 breast cancer cells with the Kunitz inhibitor HAI-1 
(KSPI). These colonies were analyzed by western blot for HAI-1 
e7q)ression (Figure lA), and six of the strongest HAI-1-positive 
clones (clones 1-1,2-2,3-1,4-1,5-3, and 5-6), and a single neo 
control clone, were used for frirther study. In addition to observing 
the 66kDa membrane-bound form of HAI-1, a higher molecular 
weight band was also observed. This band was eluninated by the 
boiling of samples prior to SDS-PAGE (data not shown), indicating 
that it is probably a complex between HAI-1 and another 
unidentified protein. In addition to its presence in whole cell 
lysates, HAI-1 was also detected in the cell-conditioned media from 
HAI-1 e}q)ressing clones in an independent experiment (Data not 
shown). Immimofluorescence analysis oflhe HAI-1 positive clones 
revealed that each of the clones was heterogeneom with regard to 
HAI-1 protein expression, with a variety of cells displaying high, 
low, or no HAI-1 expression (Data not shown). Counting of 
randomly selected fields revealed tiiat clones 1-1,2-2, and 5-6 had 
a high percentage of strongly HAI-1 positive cells, whereas clones 
3-1,4-1, and 5-3 contained a proportion of weakly staining, or 
negative, HAI-1 cells in addition to strongly positive cells (Figure 
IB). 

Growth of HAI-l over-expressing MDA MB-435 breast 
cancer cells on tissue culture plastic and in soft agar. The 
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F^re 1: Identification of stable HAI- 
1 expressing MDA MB-435 clones. 
MDA MB-435 cells were transfected 
with the pcDNA3.1-HAI-l construct, and 
stable clones selected by resistance to 
G418. After preliminary screening, six 
clones were chosen for frirther study 
(clones 1-1,2-2,3-1,4-1,5-1, and 5-6). 
The expression of HAI-1 was 
demonstrated by western blotting of 
whole cell lysates (50^g per lane) using 
the M19 HAI-1 specific mAb (Panel A, 
top). An anti-alpha tubulin antibody was 
used to demonstrate equal protein 
concentrations between samples (Panel 
A, bottom). To determine the relative 
e?q)ression of HAI -1 by individual cells 
in each clone, immunofluorescence using 
the mAb M19 was performed. Cells 
expressing relatively high (+++), low (+), 
or no HAI-1 (-) were counted, and the 
percentage of each determined for each 
clone (Panel B). 



growth rate of HAI-1 expressing MDA MB-435 clones was 
assessed by crystal violet staining of cells grown in 96-well 
plates. All HAI-1 expressing clones grew at a slower rate than 
the parental and «eo-transfected control cell lines (Figure 2). 
Clones with a high percentage of HAI-1 positive cells (clones 
1-1,2-2, and 5-6) grew very poorly, while clones expressing a 
lower percentage of strongly HAI-1 positive cells (clones 3-1, 
4-1, and 5-3) grew at an intermediate rate. Clones with a 
higher percentage of HAI-1 positive cells tended to loose 
HAI-1 expression upon multiple passages, possibly due to 
silencing of the CMV promoter driving HAI-1 expression in 
these cells (data not shown). The growth rate of these clones 
rose as the expression of HAI-1 fell (data not shown), 
reinforcing that HAI-1 expression, and not clonal variability, 
was responsible for the observed growth suppression of HAI-1 
expressing MDA MB-435 clones. 

The growth inhibition of HAI-1 expressing MDA MB- 
435 clones is the result of slowed cell cycling, not apoptosis. 
To assess whether the growth inhibition of HAI-1 expressing 
MDA MB-435 clones is due to either slowed proliferation or 
the induction of apoptosis, cells were analyzed using flow 
cytometty-based cell cycle analysis (Vindelov method) and by 
Hoechst dye 33258 staining of cell nuclei, respectively. Cell 
cycle analysis of HAI-1 clones revealed that HAI-1 expression 
reduced the S-phase fraction of the clones (Data not shown). 
However, no change was observed in the number of cells with 
condensed nuclei, indicating no difference in the apoptotic 
fraction (Data not shown). Thus, the growth inhibitory effect 
of HAI-1 expression in MDA MB-435 cells is due 
to slowed cellular proliferation, not apoptosis. 

The motility of HAI-1 expressing MDA 
MB-435 clones is unaffected by HAI-1 
expression. For the assessment of cell motility, 
the phagokinetic gold motility assay was used. In 
this assay, cells were plated onto glass coverslips 
that had been coated with colloidal gold and 
fibronectm. When cells travel on the coverslips, 
they phagocytose colloidal gold and leave behind 
visible tracks. HAI-1 expression in the MDA MB- 
435 clones did not alter the overall clearance of 
colloidal gold in this assay (Figure 3). However, it 
is interesting to note that MDA MB-435 clones 
that express HAI-1 cleared more colloidal gold in 
the motility assay on a per cell basis (number of 
cells can be estimated by counting DAPI stained 
nuclei). The parental MDA MB-435 cells spend 
more time in mitosis, and are more crowded after 
cell division due to their increased growth rate. 
They may therefore encounter one another more 
frequently in random motility compared to the 
slower-growing HAI-1 expressing clones. Thus, it 
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Figure 2: MDA MB-435 clones expressing 
HAI-1 grow at a slower rate than 
either parental or neo-transfected MDA 
MB-435 cells. Cell proliferation of HAI-1 
expressing MDA MB-435 clones was 
assessed relative to parental and neo- 
transfected cells by the crystal violet growth 
assay. All HAI-1 expressing clones grew at 
a slower rate that either parental or neo- 
transfected cells. The effect of HAI-1 
expression on cell growth was proportional 
to the percentage of cells expressing high 
levels of HAI-1 within each clone. For 
example, clones 1-1,2-2, and 5-6 grew very 
poorly, whereas clones 3-1,4-1, and 5-3 
grew at intermediate rates. 

a 

Figure 3: The overall motility of MDA MB-435 cells is 
not affected by HAI-1 
expression. The phagokinetic gold motility assay was 
used to assess the effects of HAI -1 expression on the 
motility of clone 1-1 and 2-2 cells, as compared to that of 
parental and neo-transfected cells. In this assay, cells 
were plated onto colloidal gold covered microscope 
coverglasses and cultured for 48 hours. Clone 1-1 (Panel 
A) and 2-2 cells did not clear more gold overall in this 
assay than either parental (Panel B) or neo-transfected 
cells. However, the HAI-1 expressing cells did leave 
greater tracks on aper-cell basis, after estimation of cell 
mmiber by counting DAPI-stained nuclei. The effects of 
cell crowdmg, or cell division, in parental and neo- 
transfected cells may explain this phenomenon. 
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is unlikely that this increase in colloidal gold clearance/7er cell represents a true increase in cell motility. 
MMP activity in cell conditioned media is unaffected by HAI-1 expression in HAI-1 expressing MDA 

MB-435 cells. Serine proteases, such as uPA and plasmin, have been shown to activate members of the matrix 
metalloproteinase family. Therefore, we assessed whether the level of MMP-2 and MMP-9 activity in the cell 
conditioned media changed with HAI-1 expression, and whether this may be associated with the change in 
growth seen in HAI-1 expressing MDA MB-435 cells. MDA MB-435 parental, weo-transfected, and clone 1-1 
and 2-2 cells were grown for 24 hours in serum-containing media, after which time it was replaced by media 
containing only ITS, and cells were cultured for an additional 48 hours. Cell-conditioned media was collected 
and concentrated approximately 30-fold. After careftil measurement of the sample volume, a normalized 
equivalent of conditioned media was resolved by SDS-PAGE for western blot or gelatin zymography. 
Normalization was achieved by using a volume that was directly proportional to the protein concentration of 
whole cell lysates made from cells remaining on the culture dish (to correct for differences in cell growth). 
Examination of western blotting for HAI-1 revealed that the HAI-1 expressing MDA MB-435 clones shed HAI- 
1 into the conditioned media (Data not shown). Gelatin zymography of the same conditioned media showed 
that MMP-2 and MMP-9 levels did not significantly differ among most of the HAI-1 expressing MDA MB-435 
and parental or neo cells. One exception was a substantially higher MMP-9 activity, and a slightly increased in 
MMP-2 activity, seen for clone 1-1 that apparently was the result of clonal variability (Data not shown ). 

Chemoinvasion of HAI-1 expressing MDA MB-435 clones in the Matrigel invasion assay. The ability 
of HAI-1 expressing MDA MB-435 clones to invade through 
Matrigel was examined in the Matrigel chemoinvasion assay. 
After plating of cells in Matrigel invasion chambers, cells were 
incubated for an additional 24 hours to allow cells to migrate 
through a Matrigel-coated membrane towards media 
conditioned by cultured human breast fibroblasts. The 
migration requires that cells degrade the Matrigel and crawl 
through 8pm pores to the opposite side of the membrane. After 
migration, cells can be removed from the plating side of the 
membrane with a cotton applicator, and cells that have migrated 
to the opposite side can be visualized by staining with crystal 
violet. Examination of cells stained with crystal violet showed 
little difference in the number of cells that had migrated when 
comparing parental cells, «eo-transfected, and HAI-1 expressing 
clones (Data not shown). The assay showed considerable intra- 
and interassay variability, but repeated experiments supported 
the premise that HAI-1 over-expression did not alter the 
motility of MDA MB-435 cells. 

Growth of HAI-1 expressing MDA MB-435 clones as 
tumor xenografts in the nude mouse. HAI-1 expressing 
MDA MB-435 clones 1-1 and 2-2, parental, and neo-transfected 
control cells were grown as tumor xenografts in NCr nu-/nu- 
(atihymic) nude mice. Each cohort contained ten mice, and each 
mouse was injected with 5X10^ tumor cells subcutaneously over 
the mammary fet pad between nipples 3 and 4. The tumors 
from each cohort were allowed to grow to a mean volume of 
approximately lOOOmm^ each, at which time the cohort was 
sacrificed as a whole. This was done because the metastatic 
potential of tumor cells is widely believed to be proportional to 
tumor size, and so the mean tumor size was kept constant at the 
time of sacrifice, regardless of tumor growth rate. 

Tumors derived from the HAI-1 expressing clones 1-1 and 
2-2 grew significantly (p<0.05) slower than either parental or 
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Figure 4: The growth of clone 1-1 and 2-2 
tumor xenografts is significantly 
inhibited relative to the growth of parental 
and neo-transfected tumor xenografts. Five 
hundred thousand tumor cells from parental, 
«eo-transfected, and clones 1-1 and 2-2 were 
implanted subcutaneously on each side of a 
cohort often NCr nu-/nu- mice (20 tumors 
total per cohort) between nipples 3 and 4. 
After implantation, tumor voliraie was 
measured approximately twice weekly. A plot 
of mean tumor volimie for each of the twenty 
tumors was graphed versus time after tumor 
implantation. The graph shows that tumor 
xenografts from clones 1-1 and 2-2 grow at a 
significantly reduced rate (p<0.05) as 
compared to tumor xenografts from parental or 
neo-transfected cells. 



Comparisons Estimated difference (mm^) 95% CI for the difference 

(mm^) 

Adjusted P 

value 

Neo/Par 791.14(387.66') -252.93,1835.2 0.19 

Neo/clone 2-2 1257.7 (379.62) 235.29,2280.12 0.01 

Neo/clone 1-1 1518.23(379.35) 496.57,2539.9 0.0016 

Par/clone 2-2 466.57(161.8) 30.8,902.33 0.03 

Par/clone 1-1 727.1 (161.15) 293.09,1161.1 0.0004 

clone 1-1/2-2 -260.53 (140.72) -639.51,118.45 0.27 

Table 1: Statistical comparison of tumor volume means between cohorts 
of MDA MB-435 tumor-bearing mice. Comparisons were made between tumor volume means between 
individual cohorts of mice bearing parental MDA MB-435 (Par), neo-transfected control (Neo), clone 1-1, or clone 
2-2 tumors by the Tukey method. The least square means of tumor volume of the neo-transfected (1704.57) and 
parental (913.43) groups are significantly larger than those of the clone 1-1 (186.34) and clone 2-2 (446.87) groups 
at 3% (adjusted) or less significance level, and the 95% confidence intervals for the differences are substantially 
above zero. 
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F^re 5: Confirmation of HAI-1 expression in clone 1-1 and 2-2 primary tumor 
xenografts and metastases by anti-HAI-1 immunohistochemistry. To determine if HAI-1 was expressed by tumor 
xenografts, and corresponding lung metastases, at the time that they were removed from mice, HAI-1 specific 
immunohistochemistry was performed using the M58 mAb on paraffin-embedded sections. Staining of primary tumors from 
mice harboring parental (Panel A, primary tumor, lOOX) or neo-transfected control (Panel D, primary tumor, lOOX) tumors did 
not show evidence of HAI-1 staining as expected. In addition, HAI-1 staining of lung metastases (arrowhead) in mice 
harboring parental (Panel B, lung metastasis, 25X and Panel C, lung metastasis, lOOX) or «eo-transfected control (Panel E, 
lung metastasis, 25X and Panel F, lung metastasis, lOOX) tumors also did not show evidence of HAI-1 staining, also as 
expected. Staining of primary tumors from mice harboring clone 2-2 tumors (Panel G, primary tumor, and J, primary tumor, 
lOOX) or clone 1-1 tumors (Panel M, primary tumor, lOOX), however, did show evidence of HAI-1 staining in most primary 
tumors. Staining was absent, however, in the limg metastases (arrowhead) from clone 2-2 tumor bearing mice (Panel H, lung 
metastasis, 25X and Panel I, lung metastasis, lOOX; Panel K, lung metastasis, 25X, and Panel L, lung metastasis, lOOX), and 
from one clone 1-1 tumor bearing mouse, although another clone 1-1 tumor bearing mouse did show evidence of HAI-1 
staining in lung metastasis (Panel N, lung metastasis, lOOX, and Panel O, lung metastasis, 25X). Some staining of mouse lung 
tissues is seen in sections of mouse lung since the secondary antibody used in the M58 mAb IHC likely cross-reacts with 
endogenous mouse IgG or other mouse proteins. 
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Tieo-transfected tumors (Figure 4). The statistical comparisons between mean tumor volumes for each 
individual cohort are presented in Table 1. The expression of HAI-1 in the implanted MDA MB-435 tumors 
was confirmed by both Ml 9 mAb western blotting (Data not shown) and immunohistochemistty (Figure 5) 
using the HAI-1 specific antibo(fy M58 (5-6). The expression of HAI-1 was seen in only a subset of tumor cells 
(about 10-40%) in tumors derived from clone 1-1 and 2-2; intra and inter-tumor HAI-1 expression was variable. 
Some tumors showed few HAI-1 positive cells. These observations were consistent with in vitro e}q)eriments 
that showed that HAI-1 expression was reduced after continued passage of these cells in culture (data not 
shown), and suggest that HAI-1 expression may be reduced in vivo over time as well. To determine if HAI-1 
e7q)ression by the tumor cells affected the vascularization of tumors, sections were stained using a PECAM- 
specific monoclonal antibody, and tumor vasculature was examined (Data not shown). No difference in 
vascularization was seen between HAI-1 expressing tumors and parental or /leo-transfected control tumors. 

The ability of tumor cells to metastasize to the lungs, kidneys, and liver of mice was assessed by 
examining H&E stained sections for the presence of human tumor cells within these organs. Metastatic disease 
was only observed in the lungs of mice, present predominately as micro-metastatic foci. No significant 
difference in the number, or general size, of metastatic lesions was observed between mice harboring HAI-1 
e?q>ressing MDA MB-435 tumors and parental or »eo-transfected tumors (Data not shown). Interestingly, 
however, among metastatic foci that were found, HAI-1 immunohistochemical staining was observed in 
metastatic disease in only a single mouse harboring HAI-1-expressing tumors out of five that had metastatic 
foci that could be evaluated (Data not shown). 

Key research accomplishments: 

• We have generated stable HAI-1 expressing MDA MB-435 cell lines 
• We have characterized the morphology of MDA MB-435 HAI-1 clones grown on tissue culture plastic 

and in Matrigel matrix 
• The growfli of HAI-1 over-expressing MDA MB-435 breast cancer cells on tissue culture plastic and in 

soft agar has been determined. 
• The growth inhibition of HAI-1 expressing MDA MB-435 clones is the result of slowed cell cycling, not 

apoptosis. 
• The motility of HAI-1 expressing MDA MB-435 clones is imaffected by HAI-1 expression. 
• MMP activity in cell conditioned media is unaffected by HAI-1 ejq)ression in HAI-1 expressing MDA 

MB-435 cells. 
• We have tested the chemoinvasion of HAI-1 expressing MDA MB-435 clones in the Matrigel invasion 

assay. 
• We have finished the growth of HAI-1 expressing MDA MB-435 clones as tumor xenografts in the nude 

mouse. 
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Conclusion: 

In order to determine the effects of HAI-1 expression on breast cancer cell biology, HAI-1 was over- 
expressed in breast cancer cell line, MDA MB-435 in a stable fashion. HAI-1 expression profoundly reduced 
the proliferation and in vivo tumor growth of MDA MB-435 cells. Additionally, HAI-1 expression altered the 
cellular morphology of both cell lines, but had no effect on the cell motility. These resuhs indicate that HAI-1 
expression may inhibit tumor progression by modulating tumor growth, in a manner that is dependent upon the 
serine proteases, their substrates, and substrate effector molecules expressed by individual breast cancer cells. 

Reference: 

1. Lin, C.-Y., Wang, J.-K., Torri, J., Dou, L. Sang, Q.-X. A. and Dickson R. B. (1997) Characterization of a 
novel, membrane-bound 80-kDa matrix-degrading protease from human breast cancer cells: monoclonal 
antibody production, isolation, and localization. J. Biol. Chem. 272: 9147-9152. 

2. Lin, C.-Y.^ Anders, J., Johson, M., Sang, Q. A., and Dickson, R.B. (1999) Molecular cloning of cDNA for 
matriptase, a matrix-degrading serine protease with trypsin-like activity. J. Biol. Chem. 21 A: 18231-18236. 

3. Lin, C.-Y.^ Anders, J., Johson, M., and Dickson, R.B. (1999) Purification and Characterization of a complex 
containing matriptase and a Kunitz-type serine protease inhibitor from human milk. J. Biol. Chem. 274: 
18237-18242. 

4. Lee, S.-L., Dickson, R.B., and Lin, C.-Y., (2000) Activation of urokinase and hepatocyte growth factor by 
matriptase, an epithelial membrane-bound serine protease. J. Biol. Chem. 275: 36720-36725. 

5. Oberst, M., Anders, J., Xie, B., Singh, B., Ossandson, M., Johnson, M., Dickson R.B., and Lin, C.-Y., 
(2001) Matriptase and HAI-1 are expressed by normal and malignant epithelial cells in vitro and in vivo. 
American J. Path. 158: 1031-1311. 

6. Oberst, M.D., Johnson, M.D., Dickson, R.B., Lin, C.-Y., Singh, B., Stewart, M., williams. A., al-Nafussi, 
A., Smyth, J.F., Gabra, H., and Sellar, G.C., (2002) Expression of the Serine Protease Matriptase and its 
Inhibitor HAI-1 in Epithelial Ovarian Cancer: Correlation with Clinical Outcome and Tumor 
Clinicopathological Parameters. Clinical Cancer Research, 8:1101-1107. 

Appendices: None 


